Oligoribonucleotides have been synthesized directly from unprotected ribonucleosides by a chemical polymerization approach using phosphorus tris-azoles.
INTRODUCTION
1 -4 During the past several years, rapid progress in the chemical synthesis r n of oligodeoxyribonucleotides, especially by polymer-supported method, " has been made.
It is now possible to synthesize biochemically useful DNA fragments in a reasonable time without effort. However, developments in the 9 12 oligoribonucleotide area have been much slower, because of the presence of the 2'-0H group in the ribonucleosides.
The general procedure for the 1 p synthesis of oligoribonucleotides by either triester or phosphite method needs the appropriate protection of the functional groups of ribonucleosides to avoid several undesired reactions.
Although this procedure is proven and reliable, it involves the multi-steps, e.g. condensation of the suitably protected nucleotides, deblocking of the protecting groups, and purification of the desired oligoribonucleotides.
There still remain difficult and time consuming problems especially in the preparation of the suitably protected 12 ribonucleotides and the deblocking of the protecting groups.
In order to overcome these problems, we have explored new approaches to
• IRL Press Limited, Oxford, England.the synthesis of ol igoribonucleotides, which does not require any protection of the starting ribonucleosides.
It is well-known that many active trifunctional phosphorus compounds readily react with cis-glycols and the resulting phosphite having P-X(X = Cl or amine) bond can react rapidly with hydroxyl groups. However, there have been quite few reports concerning to the selective phosphorylation to the cis-glycol of ribonucleosides using such phosphorus compounds. It was suggested that the ribonucleoside 2',3'- The polymerizarion reaction proceeds rapidly through the selective formation of the uridine 2',3'-cyclic phosphorimidazole and the subsequent intermolecular coupling.
The resulting phosphite is easily converted to the phosphate by using iodine and water. It is expected that this novel type of polymerization reaction would be useful for a rapid and convenient synthesis of short-chain homo-oligoribonucleotides having 3'-5'-or 2'-5'-linkages.
In the present paper, we describe the several phosphorus tris-azoles as the phosphorylation reagents and their utility in the synthesis of ol igoribonucleotides containing uracil, adenine, and cytosine bases directly from unprotected ribonucelosides. The procedure of the approach is quite simple:
(i) the reaction of unprotected ribonucleoside with phosphorus tris-azole and
(ii) the in situ oxidation of the resulting phosphite with iodine and water.
RESULTS AND DISCUSSION
Uridine ol igonucleotide synthesis Uridine oligonucelotides have been successfully synthesized using tri-21 22 (imidazol-1-yl )phosphine.
We reinvestigated the potential utility of phosphorus tris-azole, including tri-(imidazol-1-yl )phosphine, in the uridine ol igonucleotide synthesis. Phosphorus tris-azoles were easily prepared by the reaction of azole with phosphorus trichloride. Uridine was allowed to react with phosphorus tris-azole(equiv) in pyridine-tetrahydrofuran (THF) at a relatively low temperature(-78°C) and the subsequent oxidation was carried out using iodine and Vvater. For every phosphorus tris-azoles, the polymerization reactions were completed within 60 min. ol igonucleotides are summerized in Table 1 . Phosphorus tris-azoles of which azoles are imidazole a, 2-methylimidazole b, and 2-ethyl-4-methyl imidazole c gave uridine ol igonucleotides of a high degree of ol igomerization in relatively good yields.
Using imidazole a, benzotriazole d, benzimidazole e, and pyrazole f for the ligands of phosphorus tris-azoles, the amount of uridine ol igonucl eotides formed in the reactions decreased in that order. These results are in agreement with the order of reactivity of azoles in the 24 hydrolyses of N-acylazoles.
Triazole g and tetrazole h have the higher reactivity than that of imidazole, however, their phosphorus derivatives gave uridine ol igonucleotides in low yields. These are presumably because these phosphorus compounds are labile and their decomposition occurred rapidly in the present reaction conditions. From the practical point of view, phosphorus tris-azoles of which azoles are imidazole and its derivatives are most advantageous for the synthesis of ol igoribonucl eotide chains by the present procedure.
All the products, uridine ol igonucelotides, were characterized by both enzyme and mild alkaline(0.3 M KOH) degradations. In the products, there were no cyclic ol igonucleotides and ol igonucleotides with a'5'-phosphate end.
Two series of the polymerization products were obtained; one series consists of (Up) n U and the other consists of (Up) nIt is noteworthy that the interribonucleotidic linkage in the ol igonucleotides is composed of both 3'-5'-and 2'-5'-linkages, but 3'-3'-and 5'-5'-l inkages were not existed. The linkage isomers of UpU were separated by a reverse phase h.p.l.c. The mol fractions of the 3'-5'-and 2'-5'-l inkages in UpU are also shown in Table 1 .
For example, UpU obtained from the reaction using tri-(imidazol-l-yl )phosphine consists of the 3'-5'-linkage in 46 % and the 2'-5'-one in 54 %. These values were similar in all cases shown in Table 1 . Attempts to synthesize adenosine ol igonucleotides using tri-(imidazol-1-yl )phosphine have been made.
In the case of adenosine as a starting material, tri-(imidazol-1-yl)phosphine would attack the base amino group of adenosine. In order to examine this problem, the reaction of N-benzoyladenosine with tri-(imidazol-l-yl )phosphine was first carried out as for the model reaction.
N-Benzoyladenosine was allowed to react with tri-(imidazol -1 -yl )phosphine(equiv) in pyridine-THF at -78°C and the subsequent oxidation employed iodine and water was performed.
After deprotection of N-benzoyl group with ammonia, the products were separated on a DEAE-Sephadex A-25 column chromatography.
The elution profile and the yields of adenosine ol igonucleotides are shown in Figure 1 .
All the products separated were % Yield: peak 1, adenosine, 19.5; peak 2, Ap> + ApA, 21.9; peak 3, non-nucleotidic; peak 4, ApAp>, 12.5; peak 5 and 6, (Ap)J\, 25.8; peak 7, (Ap)?Ap>, 9.3; peak 8, (Ap) 3 A, 7.5; peak 9, (Ap) 4 A linear gradient of KH-PO., 0.001 M -0.3 M containing 10 % ethanol, was used for elution.
% Yield: peak 1, adenosine, 23.1; peak 2, Ap> + ApA, 22.5; peak 3, non-nucleotidic; peak 4, ApAp> + (Ap)-A, 29.2; peak 5, (Ap),Ap> + (Ap),A, 18.3; peak 6, (Ap^A, trace. was neutral (5 -6) and therefore the terminal cyclic phosphate resulted from the oxidation of the cyclic phosphorimidazole was not changed. It should be noted that adenosine 2',3'-cyclic monophosphate formed by the oxidation of adenosine 2',3'-cyclic phosphorimidazole was found in the products. The presence of this compound strongly supports the intermediacy of the cyclic compound 2 in the polymerization.
The adenosine oligomers obtained here contain both 3'-5'-and 2'-5'-linkages and therefore there exist two linkage isomers in ApA and four isomers in (Ap)-A.
The linkage isomers were easily separated by a reverse phase h.p.l.c. shown in Figure 3 . Table 2 indicates the isolated yields of the individual adenosine oligomers.
Thus, the biological active A2'p5'A2'p5'A 26 " 28 was obtained in a yield of 7.5 % from N-benzoyladenosine and 6.0 % yield from unprotected adenosine. Cytidine oligonucleotide synthesis
Cytidine ol igonucleotides were similarly prepared from unprotected cytidine.
The yield of the oligomers was 86.9 %(dimer, 65.2 %; trimer, 21.7 %).
Tri-(imidazol-l-yl )phosphine is also unreactive to the amino group of cytidine as in the case of adenosine.
The inter-ribonucleotidic linkage consists of 3'-5'-and 2'-5'-l inkages.
The molar ratio of the 3'-5'-to the 2'-5'-linkages was 1:3.
Mechanistic aspects
The formation of the ol igoribonucleotides 4 with a 5'-OH terminus Panel A, the materials of peak 2 in Figure 1 ; Panel B, the materials of peak 4, 5, and 6 in Figure 1 . containing 3'-5'-and 2'-5'-l inkages clearly indicates that the chain elongation proceeds from 2',3'-to 5'-direction in the polymerization.
We therefore propose a mechanism for the polymerization by using an example of the reaction of ribonucleoside 1 with tri-(imidazol-l -yl )phosphine.
The first phosphorylation step involves the selective attack of tri-(imidazol-yl)-phosphine to the 2',3'-0H groups of the ribonucleoside 1 to give the ribonucleoside 2',3'-cyclic phosphorimidazole 2.
The selective formation of Table 2 . 20 the intermediate 2 is supported by our recent observation, that, in the reactions with tri-(imidazol-l-yl )phosphine, 5'-0-monomethoxytrity1uridine is phosphorylated to ca. 90 % within 3 min, whereas the rate of the phosphorylation of 2',3'-0-isopropyl ideneuridine was considerably slow to give the phosphorylated product in less than 30 % yield.
In the present work, adenosine 2',3'-cyclic monophosphate, resulting from oxidation of adenosine 2',3'-cyclic phosphorimidazole 2, indicates the intermediacy of the cyclic compound 2.
The next chain elongation step involves the successive intermolecular coupling between 2 to give the cyclic phosphite linked oligomer having the terminal cyclic phosphorimidazole.
The chain termination results from the reaction of the cyclic phosphorimidazole with the 5'-0H of unreacted 1. These reactions give the oligomer 3 having two types of phosphorus which correspond to the internal cyclic phosphite and the terminal cyclic phosphorimidazole.
The structure of the oligomer 3 is ascertained by the P nmr spectroscopy shown in Figure 4 . The P nmr signal of tri-(imidazol -1 -yl )phosphine dissappeared after the reaction with an equivalent of uridine. As a result, two main signals appeared at + 156.7 and + 143.7 ppm in the spectrum b.
By comparison with the spectrum c of the dimeric model compound, these two signals are reasonably assigned to the internal cyclic phosphite and the terminal cyclic phosphorimidazole, respectively.
The oligomer 3 is readily converted by the in eitu oxidation with iodine and water to oligoribonucleotides 4. This process involves the oxidation of the internal cyclic phosphite and the terminal cyclic phosphorimidazole to give the inter-ribonucleotidic linkage and the 3'-terminal phosphate. In the ring-opening of the resulting internal cyclic phoshate, the type of the inter-ribonucleotidic linkage results from cleavage of either the 3'-0-P or 22 the 2'-0-P. As previously shown, the metal cations and polynucleotides in the oxidation process affect the formation of the inter-ribonucleotidic 1inkage.
Several new chemical reagents and procedures were developed in conjection with this approach. These include the development of a new sort of phosphorylating reagents and discovery of a new procedure for synthesizing ol igoribonucleotides starting from unprotected ribonucleosides. The procedure is quite simple and convenient to obtain 3'-5'-or 2'-5'-l inked ol igoribonucleotides.
Work is in progress to extend this approach to the synthesis of ol igoribonucleotides having def ined-sequences. Ultraviolet spectra were obtained on a Union SM 401 recording spectrophotometer. P nmr spectra were recorded on a JEOL FX-200 insrument. 31 P nmr chemical shifts(parts per mil ion were reported relative to external 85 % H 3 P0 4 .
Pyridine was distilled from p-toluenesulfony chloride, redistilled from calsium hydride, and stored over 4A molecular sieves.
Tetrahydrofuran (THF) was refluxed in the presence of LiAlH. for 5 h, distilled, and stored over 5A molecular sieves. Dimethylformamide(DMF) was stirred in the presence of calsium hydride for overnight, distilled under reduced pressure, and stored over 4A molecular sieves.
Tri ethyl ami ne was refluxed in the presence of pottassium hydoxide for 5 h, distilled, and stored under argon. Phosphorus trichloride was distilled and stored in a brown ampule.
Uridine, adenosine, cytidine, imidazole, 2-methylimidazole, 2-ethyl-4-methylimidazole, benzotriazole, benzimidazole, pyrazole, triazole, and tetrazole were obtained from Nakarai Chemical Co. and dried in vacuo over P,,0 5 before use.
5'-0-Monomethoxytrityluridine, 2',3'-0-isopropylideneuridine, and N-benzoyladenosine were synthesized by the usual manner.
A3'p5'A, A2'p5'A, and A3'p5'A3'p5'A were perchased from Sigma Chemical Co.
A2'p5'A2'p5'A was kindly gifted by Dr. Eiko 0htsuka(0saka University, Japan) and Dr. Yoshihiro Sokawa(Kyoto University, Japan).
Preparation of phosphorus tris-azoles
The preparation of phosphorus tris-azoles was performed under argon atmospfiere.
Tri-(imidazol-l-yl Jphosphine was prepared by the reaction(0°C, 20min) of phosphorus trichloride(200 pi, 2.3 mrnol) with imidazol e(941 mg, 13.8 mmol) in 16 ml of anhydrous THF.
The imidazolium hydrochloride was filtered and the filtrate was used as a phosphorylating reagent.
Tri-(imidazolyl-1-yl )phosphine was stable in THF at least for a week under argon. Tri-(2-methylimidazolyl-l-yl Jphosphine, tri-(2-ethyl-4-methyl imidazol -1 -yl )-phosphine, tri-(benzotriazol-l -yl Jphosphine, tri-(benzimidazol -1 -yl )phosphine, tri-(pyrazol-1-yl Jphosphine, tri-(triazol-1-yl Jphosphine, and tri-(tetrazol-1-yl Jphosphine were obtained by the essentially similar reactions; the reaction of phosphorus trich1oride(200 yl, 2.3 mmol) with azole(3 mol equiv) was carried out in the presence of triethylamine(3equiv) in 16 ml Of THF at 0°C for 20 min.
After the filtration of the tri ethyl ammonium hydrochloride, the filtrate was used as a phosphorylating reagent. Uridine oligonucieotide synthesis using several phosphorus tris-azoles
The reactions of uridine(dried by co-evaporation with dry pyridine) with phosphorus tris-azoles were carried out in pyridine-THF solution; the reaction mixture consisted of uridine(70.2 mg, 0.28 mmol) in 5:3(v/v) pyridine-THF(l .0 ml) and phosphorus tris-azole(l .0 mol equiv) in 2.2 ml of THF.
The mixture was stirred at -78°C for 60 min and then added to a solution of iodine(equiv to the phosphine) in 1:1 (v/v) THF-water(2.0 ml).
The mixture was stirred at 0°C for 30 min.
After treatment with freshly prepared aqeuous NaHS0 3 (5 %), the solvent was removed in vacuo at <30°C and the residue was dissolved in 2 ml of water(the pH of this aqueous solution was <2). Phosphite linked oligomer 3 and its dimeric model compound
The reaction of uridine with tri-(imidazol-l-yl )phosphine was carried out by the same manner described above.
After 60 min, the reaction mixture was evaporated at 0°C to obtain the clear solution containing the phosphite linked oligomer 3 and then sealed in a test tube for the P nmr measurement.
In order to identify the structure of the oligomer 3, following compound was prepared; 5'-Omonomethoxytrityluridine was allowed to react with tri-(imidazol-1-yl )phosphine(l .0 mol equiv) in THF at -78°C for 15 min. Then the solution of V ,3'-0-isopropylideneuridine(0.7 mol equiv) in THF was added and stirred for 30 min.
The aliquot of the total reaction mixture was sealed in a test tube for the P nmr measurement. After the measurement, the mixture containing the dimeric model compound was oxidized by the usual manner and then monomethoxytrityl -and isopropyl idene-groups were deblocked. UpU(3'-5'-linkage:2'-5'-linkage = 54:46, mol/mol) and Up were obtained by this manner and their molar ratio(9:l) was agreed with the ratio of the signal intensities at + 156.7 ppm to + 143.7 ppm in the P nmr spectrum. Accordingly, the dimeric model compound consists of the 2',3',5'-cyclic phosphite linked diuridine and uridine 2',3'-cyclic phosphorimidazole. Adenosine oligonucleotide synthesis a) From unprotected adenosine
The reaction of adenosine with tri-(imidazol-1-yl )phosphine was carried out in DMF-THF solution; the reaction mixture consisted of adenosine(70.6 mg, 0.28 mmol) in 3:1 (v/v) DMF-THF(4 ml) and tri-(imidazol-l-yl )phosphine(l .0 mol equiv) in 2.0 ml of THF. The mixture was stirred at -78°C for 120 min.
And then the reaction mixture was added to a solution of iodine(equiv to the phosphine) containing a few drops of pyridine.
The mixture was stirred at 0°C for 30 min. After treatment with freshly prepared aqueous NaHS0 3 (5 %), the solvent was removed under reduced pressure at <30°C and the residue was dissolved in 2 ml of water(pH = 5 -6).
b) From N-benzoyladenosine N-benzoyladenosine(97.2 mg, 0.28 mmol) was allowed to react with tri-(imidazol-l -yl )phosphine(l .0 mol equiv) in 1:1 (v/v) pyridine-THF(4 ml) at -78°C for 120 min.
After the usual oxidation with iodine and water, the solvent was removed in vacuo.
The residue was treated with the mixture of pyridine-H 2 0-conc.NH 3 (0.5 ml, 0.5 ml, 1.0 ml) at room temperature for 18 h.
The solution was evaporated to a gum and the residue was dissolved in 3 ml of water(pH = 5 -6).
Cytidine oligonudeotide synthesis
Cytidine(48.6 mg, 0.2 mmol) was allowed to react with tri-(imidazol-lyl )phosphine(1.0 mol equiv) in 1:1 (v/v) DMF-THF(5 ml) at -78°C for 120 min. The reaction mixture was added to a solution of iodine(equiv to the phosphine) in 2.1 ml of THF-H 2 O-pyridine(l :1:0.1 ,v/v) and stirred at 0°C for 30 min. After treatment with freshly prepared aqueous NaHS0,(5 %), the solvent was removed in vacuo.
The residue was dissolved in water(2 ml). Separation and characterization of the polymerization products
The polymerization products were separated on a DEAE-cellulose or on a DEAE-Sephadex A-25 column(in HCCU" form).
A linear gradient of triethylammonium bicarbonate, pH 7.5, 0.001 M -0.4 M, was used for elution. Small scale separation of the products was carried out on an ion exchange h.p.l.c.
a) Uridine ol iqonucleotides
Uridine ol igonucleotides synthesized by the reaction of uridine with tri-(imidazol-l -yl )phosphine were separated on a DEAE-cellulose column and have already characterized by enzyme(snake venom phosphodiesterase and spleen phosphodiesterase) and alkaline(0.3 M KOH) op degradations.
Therefore, uridine ol igonucleotides synthesized using the other phosphorus tris-azoles were characterized by comparison of their chromatographic properties with those of the authentic samples obtained above. b) Adenosine ol igonucleotides Adenosine ol igonucleotides obtained from the reaction of N-benzoyladenosine with tri-(imidazol-l-yl )phosphine were separated on a DEAE-Sephadex A-25 column.
All the oligonucleotides separated were completely degraded by 0.3 M KOH to Ap and A(pAp was not detected), showing that there were no cyclic oligomers, oligonucleotides with a 5'-phosphate end, and 5'-5'-phosphodiester linkage in the products. Peak 1 in Figure 1 gave one peak on h.p.l.c. and the material of this peak had the same retention time as adenosine.
Therefore, peak 1 consisted of adenosine.
Peak 2 gave three identified peaks on a reverse phase h.p.l.c; the first peak had the same retention time as Ap>.
The second and third peaks had the same retention times as A2'p5'A and A3'p5'A, respectively. Therefore, peak 2 was due to Ap> and ApA(A2'p5'A + A3'p5'A).
The UV spectrum of the material of peak 3 showed the different X max (230 nm) from that of adenosine, indicating the material of this peak to be non-nucleotidic. Peak 5 and 6 showed four identified peaks on a reverse phase h.p.l.c; the first peak had the same retention time as A2'p5'A2'p5'A and the fourth peak as A3'p5'A3'p5'A.
The materials of the second and third peaks were completely degraded by 0.3 M KOH and snake venom phosphodiesterase to give nucleotide and nucleoside in the ratio of 2:1 (mol/mol).
The material of the second peak was hydrolyzed by spleen phosphodiesterase to give ApAp and A, showing the material of this peak to be A2'p5'A3'p5'A. The third peak was degraded by the same enzyme to give Ap and ApA, indicating the material of this peak to be A3'p5'A2'p5'A.
Therefore, peak 5 and 6 consisted of ApApA(A2'p5'A2 > p5'A + A2'p5'A3'p5'A + A3'p5'A2'p5'A + A3'p5'A3'p5'A). Peak 4 and 7 gave one peak on h.p.l.c.
The materials of these peaks were converted by 0.1 M HC1 treatment to (Ap) and completely hydrolyzed by 0.3 M KOH to give Ap, showing the materials of these peaks to be (Ap) n Ap>. Peak 8 and 9 gave one peak on an ion exchange h.p.l.c. and the materials of these peaks were completelydegraded by 0.3 M KOH to give a Ap:A ratio of 3.21 and 3.86, respectively.
Therefore, these peaks consisted of (Ap) n A.
Adenosine oligonucleotides synthesized from adenosine were separated on an ion exchange h.p.l.c. and characterized by comparison of their chromatographic properties with those of the authentic samples obtained from N-benzoyladenosine. c) Cytidine oligonucleotides The products obtained from the reaction of cytidine with tri-(imidazol-l-yl )phosphine was subjected to an ion exchange h.p.l.c.
They were completely hydrolyzed by 0.3 M KOH to give Cp and C. This result shows that there were no cyclic oligomers and oligonucleotides with a 5'-phosphate end in the products.
All products were completely hydrolyzed by snake venom phosphodiesterase after alkaline phosphatase treatment, showing that the phosphodiester linkage consisted of 3'-5'-and 2'-5'-linkages.
The ratio of the 3'-5'-to the 2'-5'-linkages was 1:3(mol/mol), which was determined by spleen phosphodiesterase degradation. Separation of linkage isomers U2'p5'U was separated from U3'p5'U on a reverse phase h.p.l.c. The retention times of U2'p5'U and U3'p5'U were 5.6 and 6.6 min, respectively. In the case of adenosine oligonucleotides, the likage isomers(up to the trimer) were separated on the same h.p.l.c.
The results are shown in Figure 3 (Panel A, the materials of peak 2 in Figure 1 ; Panel B, the materals of peak 4, 5 and 6 in Figure 1 ).
